2 ABSTRACT Exon-primed, intron crossing DNA markers (EPICs) were screened for Mendelian-like allele size polymorphisms in three stingray species (Himantura gerrardi, Neotrygon kuhlii and Taeniura lymna) from the central Indo-West Pacific, where they are commercially exploited. Four to 7 size-polymorphic intron loci were selected in a species, and were subsequently tested as genetic markers of stock structure. Sharp genetic differentiation was observed between populations within each species across the Indo-Malay-Papua archipelago (Weir and Cockerham's ^θ-values reaching 0.153-0.557 over a few thousand km). A trend of increasing genetic differentiation with increasing geographic distance was apparent in N. kuhlii, in which populations distant by 3,000 km were differentiated by an estimated ^θ ~ 0.375. This value was an order of magnitude higher than usually reported in coastal benthic teleost fishes and indicates strong sub-population structure. This is likely, at least partly, a consequence of the sedentary benthic habits of N. kuhlii at all life stages. Because replenishment of overexploited populations of N. kuhlii and two other stingray species from the central Indo-West Pacific is unlikely at ecological timescales, management should be planned at the local geographic scale.
Introduction
One of the problems hampering the proper management of commercially exploitable marine species is the trade-off between the effort necessary for the acquisition of scientifically sound information and the increasing pace at which these resources rarefy. This is particularly true for developing nations in the central Indo-West Pacific region, where marine species richness is highest (Briggs, 2005; Bellwood and Meyer, 2009 ), human pressure is strong (Sadovy, 2005) , management is poor (Pauly, 1994) , and science is weaker than in other regions in the Indo-Pacific (Haustein et al., 2011; Meijaard, 2011) . The low fecundity and slow maturation of sharks and rays (elasmobranchs), in particular, make them highly vulnerable to overfishing. There is increasing concern over their exploitation in Indonesia, the most populated country of the central Indo-West Pacific (Blaber et al., 2009; White and Kyne, 2010) . However, little effort for management and conservation has been made thus far (Blaber et al., 2009; White and Kyne, 2010) . If unsustainable exploitation is allowed to continue unmonitored and unregulated, it will cause the depletion of stocks, erode genetic diversity, and eventually lead to the extinction of many shark and ray species in this region.
Among the pre-requisites for sound fishery management is the identification of stocks, a goal that can be reached by assessing the geographic structure of populations using genetic markers (Shaklee and Bentzen, 1998; Begg et al., 1999; Ward, 2000) . Assessing geographic structure in sharks has been hampered due to low variability of allozyme markers and in mitochondrial DNA . Recent studies of population genetic structure in elasmobranchs have relied on the hypervariable mitochondrial control region sequences and on microsatellite polymorphisms (Chevolot et al., 2008; Schluessel et al., 2010; Le Port and Lavery, 2012; Portnoy and Heist, 2012) . The degree of genetic population subdivision in rays and skates still remains under-investigated (Schluessel et al., 2010) although there is an urgent need for such information for commercially targeted species in the central Indo-West Pacific.
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The initial aim of the present study was to select size-polymorphic nuclear markers in several stingray species (Elasmobranchia: Dasyatidae). Exon-primed, PCR-amplified introns (EPIC) were chosen because they can provide such markers of population genetic structure with minimal investment. For instance, a single pair of universal EPIC primers simultaneously allows the amplification of up to several introns in a gene family Atarhouch et al., 2003) . Compared to microsatellites, another advantage of EPIC markers is that null alleles are less likely, since EPIC primers are anchored in conserved regions. Last, an undesirable property of microsatellites is allele-size homoplasy (Garza and Freimer, 1996; Ellegren, 2004) , which is unlikely to occur with EPIC markers when mutations that affect allele size are caused by indels (Creer, 2007) . We screened for size polymorphism a number of primer pairs that are known to amplify EPICs in teleost fishes. The rationale for expecting crossamplification with stingrays comes from the fact that exons of a number of EPIC genes are conserved across orders in Metazoans (e.g. Chenuil et al., 2010) . Three stingray species among the most common at fish landing sites in the Indo-Malay-Papua archipelago in the central Indo-West Pacific (White and Dharmadi, 2007) were chosen as test species: the sharpnose stingray, Himantura gerrardi (Gray, 1851) , the blue-spotted maskray, Neotrygon kuhlii (Müller and Henle, 1841) and the ribbontail stingray, Taeniura lymna (Forsskål, 1775) . Whether the selected intron markers are suitable for assessing population genetic structure was further investigated in N. kuhlii, on the basis of an adequate geographic sampling that extended from the Indian Ocean Java coast to the Molucca Sea. Prior to the present survey, cytochromeoxidase I gene sequences from a barcoding survey of Indo-Australian chondrichthyans have shown strong genetic differences within H. gerrardi and N. kuhlii (Ward et al., 2008) , but no firm evidence that both actually harbour cryptic species within the Indo-Malay archipelago. The present survey may help address this issue because nuclear markers allow the detection of reproductive isolation when cryptic species co-occur sympatrically.
Materials and methods

Sampling
Three stingray species, Himantura gerrardi, Neotrygon kuhlii and Taeniura lymna were sampled from 3-6 landing sites across the Indo-Malay-Papua archipelago (Fig. 1) . Sample sizes per species per sampling site ranged from 2 to 40. A piece of flesh and skin (0.05-0.5 cm²) was dissected at the extremity of the disk using surgical scissors, and immediately preserved in ethanol. Total genomic DNA was extracted using the DNeasy® Tissue Kit (Qiagen GmbH; Hilden, Germany), or using Chelex 100 resin beads (Bio-Rad, Hercules CA) according to Walsh et al. (1991) .
PCR conditions and selection of markers
A preliminary series of tests consisted of amplifying by polymerase chain reaction (PCR) the DNA of 2-6 individuals from each of 3 regional samples of each stingray species using 20 EPIC primer pairs available in our laboratory (Supplementary material, Table S1 ). Those primer pairs that revealed sizepolymorphic loci were then selected. PCRs were carried out in a total volume of 10 μL, containing 1 μL 10X Taq buffer (Promega Corporation, Madison WI), 2.5mM MgCl2, 0.2mM of each dNTP (Invitrogen, San Diego CA), 0.5 mM of each primer (MWG-Biotech, Ebersberg, Germany), the forward primer being fluorescently labelled with either 6-carboxyfluorescein (6-FAM), indodicarbocyanine (Cy5), or ird-00747306, version 1 -31 Oct 2012 tetramethylrhodamine (TAMRA), 0.3 U Taq polymerase and 1 μL template DNA (at about 150 mg/ml). PCRs were run in a Mastercycler thermal cycler (Eppendorf, Hamburg, Germany), where thermo-cycling conditions consisted of initial heating at 94°C for 3 min, followed by 35 cycles of heating at 94°C for 1 min, annealing at 54°C for 1 min, extension at 72°C for 1 min 20 s, before 10 min final extension at 72°C. The PCR products were mixed with 1 vol. loading buffer, denatured for 5 min at 95 °C, loaded into vertical 8% denaturing polyacrylamide gels, and subjected to electrophoresis for 1 hr at 60 W. Fluorescent DNA bands were detected in an FMBIO® II gel scanner (Hitachi Instruments, San José CA).
For each primer pair, a gel exhibited 2 to >8 distinct horizontal series of fluorescent bands in a species. Each series of bands was examined for eventual band-size variation and was interpreted as codominant size-polymorphism at a Mendelian locus when the following conditions were met: (1) an individual exhibited either one or two bands; (2) the most commonly encountered bands in two-banded individuals were also observed in at least one single-banded individual; (3) the proportions of single-banded and double-banded individuals in a given sample were reasonably close to those expected for homozygotes and heterozygotes for co-dominant alleles at a Mendelian locus in a panmictic population. Photographs of gels where Mendelian-like intron-length polymorphisms were scored have been presented previously (Borsa et al., 2004; Berrebi et al., 2005; Rohfritsch and Borsa, 2005; Hoareau et al., 2007) and the scan image of a gel illustrating Mendelian-like size polymorphism in T. lymna is presented in Fig. 2 . The presumptive loci selected after this first step were then scored for all individuals.
Scoring of individual genotypes was done by eye directly from the gel scan. Sizing of alleles was done with the help of the FMBIO® II gel scan analysis software (Hitachi Instruments) using as a reference a fluorescent DNA ladder (Internal Lane Standard 600; 60-600 bp; Promega Corporation) loaded at regular intervals in the gel.
Genetic data analysis
Estimators of genetic differentiation between populations (Fst) were Weir and Cockerham's (1984) multilocus ^θ and Nei and Chesser's (1983) ^Gst, the proportion of genetic diversity that resides among subpopulations. Unlike Weir and Cockerham's (1984) θ which was estimated from genotype frequencies, Gst was estimated from allele frequencies, in order to compare the present results with cases from the literature where only allele frequency data are available. Both θ and Gst were estimated using GENETIX v 4.02 (Belkhir et al., 2000) . The estimated values of θ were compared to pseudo-distributions generated by random permutations of individuals under GENETIX 4.02 as a test of the null hypothesis θ = 0. Wright's Fis was estimated using Weir and Cockerham's (1984) multiallelic ^f estimator. The null hypothesis f = 0 (panmixia) was tested using a similar permutation test under GENETIX 4.02. The probability of occurrence of a parameter value larger than or equal to the observed value was estimated as P = (n+1)/(N+1), where n is the number of pseudo-values larger (or lower for negative ^f) than or equal to the observed value, and N is the number of random permutations (Sokal and Rohlf, 1995) .
The correlation coefficient between genotypes at different loci, R (Garnier-Géré and Dillmann, 1992), was used as a measure of linkage disequilibrium. Random permutations of genotypes at a locus (procedure PERMUTATIONS of GENETIX 4.02) were used to generate a pseudo-distribution of R under the null hypothesis of linkage equilibrium. The correlation coefficient, R, and its associated probability under the null hypothesis, P, were estimated for each locus pair by GENETIX 4.02. Statistical significance of the estimated values was assessed after correcting for multiple tests (Rice, 1989) .
Geographic distance between sampling locations was calculated as the shortest ship distance, using the PATH tool implemented in Google Earth (http://www.google.co.uk/intl/en_uk/earth/). The habitat is biird-00747306, version 1 -31 Oct 2012 dimensional and the correlation of genetic distance with geographic distance was analyzed according to the two-dimensional model of isolation by distance (IBD) (Rousset, 1997) .
The number of populations present in the total sample of N. kuhlii was determined and individuals were assigned to these populations using the model-based program STRUCTURE 2.3.1 (Falush et al., 2007) . The Markov chain Monte Carlo algorithm implemented in STRUCTURE was run under the admixture model with correlated allele frequencies for 100,000 steps after 50,000 initial burn-in steps, without any a priori information on an individual's sampling location, to estimate individual admixture proportions and assign individuals to populations. Five independent runs were performed for each number of populations (K) ranging a priori from 2 to 6 to determine the number of populations a posteriori by visually comparing the output diagrams.
IBD and Bayesian structure analyses were not carried out in the two other stingray species, H. gerrardi and T. lymna, because of an insufficient geographic coverage and an insufficient number of samples.
Results
Six primer pairs AldoB5, CK, Gpd2, and RP) (Table 1 ) each allowed the scoring of at least one presumptive polymorphic locus in at least one of three stingray species surveyed for intron-size polymorphism (Tables 2-4; multilocus genotypes in Supplementary material, Tables S2-S4). The CK primer pair allowed the scoring of a single polymorphic locus in each of the three species. Fig. 2 illustrates Mendelian-like size-polymorphism at locus CK in Taeniura lymna, where all three phenotypes expected for a co-dominant gene at a single locus with two size-alleles are present. All primer pairs of Table 1 have been previously selected to amplify size-polymorphic introns in teleost fishes Atarhouch et al., 2003; Berrebi et al., 2005) . Up to 5 polymorphic loci were scored with a single primer pair (e.g. Cam-3; Table 2 ), which can be due to either amplification of the paralogous intron in several genes of the family (e.g. Friedberg and Rhoads, 2002; Creer, 2007) , or perhaps non-specific amplification within a single gene (i.e. several introns of the same gene might have been amplified). For all the other primer pairs tested (Supplementary material, Table S1), either the DNA band patterns were not variable (thus exhibiting sample monomorphism), or they were variable but we failed to interpret them in terms of size polymorphism at Mendelian loci. In a few cases, the amplification was too weak for scoring, the intensity of DNA bands was highly variable across individuals, or a substantial proportion of individuals could not be scored either because of bands that were too weak or because of overlapping bands presumably from other loci.
The suitability of the selected markers to the analysis of population genetic structure was warranted by the general conformity of the genotype frequencies to Hardy-Weinberg expectations, as Weir and Cockerham's (1984) ^f-estimates were generally not significantly different from 0 (Tables 2-4). There was no evidence of linkage disequilibrium between loci except between Cam-3 slow and CK in N. kuhlii from the Banda Sea (R=0.306; N=43; P<0.001). Detailed results of linkage-disequilibrium tests are presented in Supplementary material, Table S5 .
The estimate of genetic differentiation between sub-populations was strong in all three species (Table  5) , particularly in Neotrygon kuhlii where a trend of increasing genetic differentiation with increasing geographic distance was apparent ( Fig. 3) and populations separated by a distance of 3,000 km were genetically differentiated by an estimated Weir and Cockerham's (1984) ^θ ~ 0.375 (Fig. 3) .
The most likely outcome from Bayesian structure analysis, which was run for K=2-6, was with K=3. The case where K=2 provided less information than K=3, and the structure diagrams obtained when K>3
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were increasingly noisy as K increased, yet not more informative than with K=3 (see Supplementary material, Table S6 for a comparison of the different structure diagrams). Thus, three genetically distinct populations were identified in N. kuhlii by Bayesian structure analysis ( Fig. 1A ; Fig. 4 ) and confirmed the strong partition inferred from the overall Fst estimate (^θ = 0.336): one that includes the two samples from the Indian Ocean Java coast; a second that includes the samples from the Bali Strait and the Flores Sea; and a third that was sampled in the Banda Sea only. According to Bayesian structure analysis, the sample from Tomini Bay was close to both the Indian Ocean population and to the Bali Strait / Flores Sea population, although the latter relationship was weaker. Because of the small size of the Tomini Bay sample, its assignment to the Indian Ocean (or Bali Strait / Flores Sea) population should be considered as tentative only. Overall, different oceanic basins seemed to harbour genetically differentiated N. kuhlii populations.
One of the H. gerrardi samples was of unknown origin. We observed that genetic differentiation between the two geographically close samples from the Sunda Strait and the Java Sea was much lower than genetic differentiation between the two most distant samples (Indian Ocean vs. West Papua) with an intermediate value for intermediate distances (e.g. Java Sea vs. Indian Ocean) (Table 5B ). Assuming a general trend of increasing genetic differentiation with increasing geographic distance in this species, as in N. kuhlii, it is possible to infer the approximate geographic origin of the 'Unknown' sample as geographically intermediate between the Indian Ocean and West Papua, and likely closer to the Indian Ocean than to the other sampled locations (Table 5B ).
Discussion
Elasmobranchs suffer indiscriminate exploitation in the Indo-Malay-Papua archipelago (Blaber et al., 2009; White and Kyne, 2010) . Given the K-selected life-history characteristics of elasmobranchs, the sustainability of the stocks and even the survival of some of the most vulnerable species are becoming more and more a matter of concern (White and Kyne, 2010) . Hence, there is an urgent need to analyze stock structure and provide fisheries and environmental managers with information on population genetic structure, which is relevant to designing management policies.
Suitability of intron markers to assess population genetic structure in stingrays
Screening size polymorphisms using PCR primers known to amplify potentially polymorphic introns in teleost fishes proved an efficient strategy to select a reasonable number of Mendelian-like markers in several stingray species. Here, we showed that these size-polymorphic introns can be employed to assess population geographic structure, which in turn could have useful applications, including the delineation of stocks and the recognition of distinct genetic units of conservation interest.
Investigating mechanisms of genetic differentiation
The levels of population genetic differentiation in Himantura gerrardi, Neotrygon kuhlii and Taeniura lymna in the Indo-Malay-Papua archipelago (present study), were comparable to the only figure published thus far for another stingray species, Dasyatis brevicaudata. In this species, a significant level of genetic differentiation (^Fst = 0.160; mitochondrial DNA control region) has been reported between populations sampled in southwestern Australia and New-Zealand (separated by ca. 5,100 km). However, in the same study, the ^Fst-value between populations from southwestern Australia and southeastern Australia, separated by >2,800 km ird-00747306, version 1 -31 Oct 2012 continuous shelf habitat, was only 0.010, whereas the ^Fst -value across the Tasman Sea (ca. 2,200 km deep sea) was 0.030 (Le Port and Lavery, 2012) . In other coastal benthic elasmobranchs, genetic differentiation estimates at nuclear loci (using Wright's Fst or equivalents) ranged from 0.002 to 0.065 over thousands of km (Fig. 5) . These average ^Fst-values may mask locally sharp heterogeneities, as in the Milk shark, where populations from Bali and the northern Great Barrier Reef separated by 3,510 km differed by ^Fst=0.268 .
Comparing the levels of genetic differentiation available from the few nuclear-genetic surveys of coastal benthic elasmobranchs, with those from the literature on teleost fishes, four outliers were visible and they included two Dasyatidae from the Indo-Malay-Papua archipelago (H. gerrardi and N. kuhlii; present study) ( Fig. 5 ; more details in Supplementary material, Table S7 ). The two other outliers were two teleost fishes sampled across the Indo-West Pacific, the narrow-barred Spanish mackerel Scomberomorus commerson and the fourfinger threadfin Eleutheronema tetradactylum . Since all the other ^Fst values for coastal elasmobranchs were positioned within the cluster characterizing most coastal teleosts, there is no evidence from these data, that coastal elasmobranchs have higher geographic composition than teleosts sharing similar habitats. However, the four outliers were sampled in, roughly, the same central Indo-West Pacific region, suggesting a possible common history of past geographic isolation in this region, which would have thus translated into a similarly high level of genetic differentiation between populations. The Coral Triangle is a well known area of major biogeographic breaks for marine fauna (Rocha et al., 2007; Carpenter et al., 2011) . The phylogeographic patterns uncovered within the Coral Triangle for a proportion of marine animal species with wide Indo-West Pacific distribution point to PlioPleistocene vicariance (Barber et al., 2006; Carpenter et al., 2011) . The vicariance hypothesis may be invoked to explain the high level of genetic differentiation among stingray populations in the Indo-Malay-Papua archipelago. However, a more exhaustive and finer-grained geographic sampling is required to test this hypothesis in the three stingray species investigated in the present paper.
Alternatively, the general pattern of increasing genetic differentiation with geographic distance in N. kuhlii may be caused, at least in part, by IBD, as a result of genetic drift at neutral loci locally balanced by low levels of gene flow. The estimates of genetic differentiation (Fst) in benthic teleosts for which IBD patterns were observed were ~0.008 (Hypoplectrus puella; ), ~0.020 (Solea solea; Borsa et al., 1997b) , ~ 0.030 (Platichthys flesus; Borsa et al., 1997a) , ~0.034 (Psetta maxima; , ~ 0.091 (Myripristis berndti; , ~0.100 (Acanthurus triostegus; Planes and Fauvelot, 2002) , and ~0.259 (Eleutheronema tetradactylum; , for a 3,000 km geographic distance, to be compared with N. kuhlii (~ 0.375). Marine teleosts, including species that are sedentary as adults, are often broadcast spawners and have a pelagic larval stage, two traits which are assumed to enhance gene flow between local populations. Stingrays are viviparous (Hamlett and Hysell, 1998) and only the active movement of juveniles or adults potentially translates into gene flow, thus partly explaining a possible higher level of genetic differentiation in N. kuhlii than generally observed in coastal benthic teleosts where an IBD pattern has been observed. This is further supported by tagging experiments in N. kuhlii, which indicate this as a sedentary species (Pierce et al., 2011) .
Also, deep oceanic waters likely constitute a barrier for the movements of stingray species from shallow benthic habitats, like D. brevicaudata (Le Port and Lavery, 2012) and possibly N. kuhlii and the two other stingray species surveyed. The sharp delineation of three N. kuhlii populations in the central part of the Indo-Malay-Papua archipelago, as apparent even from the limited sampling of the present study, may be partly explained by the effect of deep-sea barriers restricting the migration of individuals in some regions (e.g., between the Flores Sea and the Banda Sea). However, it is still possible that geographically tighter sampling would reveal smoother transitions between populations. Thus, the present phylogeographic ird-00747306, version 1 -31 Oct 2012 structure of N. kuhlii in the Indo-Malay archipelago may be caused by the superimposition of genetic differences resulting from past geographic isolation, IBD, and possibly the present effect of deep-sea barriers. Strong population subdivision could also be enhanced by philopatry, as shown in other elasmobranchs (Keeney et al., , 2005 Feldheim et al., 2004; Duncan et al., 2006) and, incidentally, as suspected in both the narrow-barred Spanish mackerel and the fourfinger threadfin .
'Cryptic species' hypothesis
To be able to assess whether the genetic clusters obtained in this study for N. kuhlii represent distinct evolutionary significant units and therefore constitute incipient species or even, perhaps, cryptic species as envisaged by Ward et al. (2008) , would require a geographically denser and broader analysis of population genetic structure, and an extension of the current mitochondrial dataset. There is no evidence, from the available data thus far, that reproductively isolated entities (in short, cryptic species) are present in the three regions sampled in the Indo-Malay archipelago, i.e., the Indian Ocean coast of Java; the Bali Strait / Flores Sea area, and the Banda Sea. Actually, from the present evidence, one cannot discard the hypothesis that N. kuhlii populations are strongly differentiated because of low but geographically continuous gene flow. Neither was there an indication from the limited sample set analysed in this study, that H. gerrardi harbours cryptic species.
Implications for management
Whatever the evolutionary processes that have led to the strong geographic structure observed in N. kuhlii and two other Dasyatidae surveyed from the Indo-Malay-Papua archipelago, our findings indicate that under local overfishing the global genetic diversity of the species is likely to erode, putative locally adapted genetic traits may be lost, and the replenishment of depleted populations is expected to be minimal at the ecological timescale. Consequently, if the absence of management persists, localized extinctions or nearextinctions are predicted to occur in stingray populations throughout the intensively-exploited Indo-MalayPapua archipelago. It is arguable that in highly mobile elasmobranch species such as pelagic sharks and mobulid rays, conservation efforts have to be conducted at the regional scale (e.g., Ovenden et al., 2009 ). Because of sharp geographic composition synonymous to limited genetic exchange between local populations, N. kuhlii and other stingray species from the central Indo-West Pacific also need to be managed locally.
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Table S4
Individual genotypes in three Taeniura lymna samples from the Indo-Malay-Papua archipelago, at 5 presumptive intron loci. Alleles at a locus are designated by their approximate size (in bp). Belkhir et al., 2000) in samples of three stingray species from the Indo-Malay-Papuan archipelago. Probability of encountering a value equal or higher than the observed value under the null hypothesis (P) is given (in brackets) when P ≤ 0.050. Only one P-value remained significant after correction for multiple tests (Rice, 1989 (Fig. 1A) ; b Malang sample (Fig. 1A) Falush et al., 2007) run with K=2-6 populations, on individual genotypes at 4 presumptive intron loci for 6 samples from the Indo-Malay-Papua archipelago (Supplementary material, Table S3 ). Individuals are represented by vertical bars; the different grey colours correspond to different genetic clusters and their proportion in an individual (ordinate) indicates its degree of assignment to the corresponding cluster. Visual observation of the graphs indicates that maximum segregation of the total sample into different clusters was reached with K=3. Prob. Posterior probability of assignment of a given individual to a cluster. Individuals grouped by sample. Samples separated by vertical traits. (Fig. 1A) ; b Malang sample (Fig. 1A) Reference: Falush, D., Stephens, M., Pritchard, J., 2007. Mol. Ecol. Resour. 7, 574-578. ird-00747306, version 1 -31 Oct 2012 Table S7 Regional-scale population differentiation estimates at nuclear loci in coastal elasmobranchs and teleost fishes. R, number of marker loci. Distance calculated as ship distance (i.e. the shortest maritime path) using the PATH menu of Google Earth (http://www.google.co.uk/intl/en_uk/earth/). 
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